Bone marrow contains heterogeneous cell types including end-lineage cells, committed tissue progenitors, and multipotent stem/progenitor cells. The immense plasticity of bone marrow cells allows them to populate diverse tissues such as the encephalon, and give rise to a variety of cell types. This unique plasticity makes bone marrow-derived cells good candidates for cell therapy aiming at restoring impaired brain circuits. In the present study, bone marrow cells were transplanted into P20 mice that exhibit selective olfactory degeneration in adulthood between P60 and P150. These animals, the so-called Purkinje Cell Degeneration (PCD) mutant mice, suffer from a progressive and specific loss of a subpopulation of principal neurons of the olfactory bulb, the mitral cells (MCs), sparing the other principal neurons, the tufted cells. As such, PCD mice constitute an interesting model to evaluate the specific role of MCs in olfaction and to test the restorative function of transplanted bone marrow-derived cells. Using precision olfactometry, we revealed that mutant mice lacking MCs exhibited a deficit in odorant detection and discrimination. Remarkably, the transplantation of wild-type bone marrowderived cells into irradiated PCD mutant mice generated a large population of microglial cells in the olfactory bulb and reduced the degenerative process. The alleviation of MC loss in transplanted mice was accompanied by functional recovery witnessed by significantly improved olfactory detection and enhanced odor discrimination. Together, these data suggest that: (1) bone marrow-derived cells represent an effective neuroprotective tool to restore degenerative brain circuits, and (2) MCs are necessary to encode odor concentration and odor identity in the mouse olfactory bulb.
Introduction
Adult bone marrow-derived cells (BMDCs) can transform into many different lineages (Krause et al., 2001; Wilson and Trumpp, 2006; Á lvarez-Dolado, 2007) , including neural or glial cells in the encephalon (Brazelton et al., 2000; Mezey et al., 2000) . In the brain, BMDCs mainly give rise to resting microglial cells, but some of them acquire a neuronal fate through cell fusion or after transdifferentiation (Á lvarez-Dolado et al., 2003; Corti et al., 2004; Massengale et al., 2005; Bae et al., 2007) . Both cellular processes occur simultaneously depending on the cell type formed . In the olfactory bulb (OB), the capacity of BMDCs to generate new neurons is rather limited (Brazelton et al., 2000; Corti et al., 2004; Recio et al., 2011) . Accumulating data from cell-based therapies for brain repair also indicate that neuroprotection may occur even in the absence of efficient cell replacement. However, little is known about neuroprotective effects of BMDCs in a neurodegenerative context (Rodríguez et al., 2007; Uccelli et al., 2011) .
In the present study, we have used the Purkinje Cell Degeneration (PCD) mutant mouse as a model to study the potential restorative function of BMDCs on protracted neurodegeneration. Animals carrying the pcd mutation experience a dramatic loss of Purkinje neurons early in postnatal development, leading to severe cerebellar ataxia (Mullen et al., 1976; Wang and Morgan, 2007) . In the adult OB, mutant mice progressively loose mitral cells (MC) but not the other population of output neurons called tufted cells (Greer and Shepherd, 1982; Greer and Halász, 1987; Bartolomei and Greer, 1998; Recio et al., 2007) . Although the impact of selective degeneration of bulbar relay neurons has been extensively described at a morphological level (Greer and Shepherd, 1982; Greer and Halász, 1987; Bartolomei and Greer, 1998) , little is known about the olfactory capacity of these animals lacking MCs. Moreover, morphological and electrophysiological characterization of MC and tufted cell populations suggest that both output neurons convey different aspects of odor information. Compared with MCs, tufted cells exhibit a much lower threshold of odor activation and a larger gain in respect to odor concentration, suggesting an important role for odor detection (Nagayama et al., 2004; Griff et al., 2008; Mori and Sakano, 2011) . The specific loss of the MC population in adulthood makes the PCD mutant mouse an attractive model to test this conjecture. We predicted that the selective loss of MC in PCD mice could spare the ability of the animals to detect odorants but could affect other olfactory faculties such as odor discrimination and/or learning. Using precision olfactometry, we examined whether MC loss, and the resulting olfactory impairments, could be restored by BMDC transplantation.
Materials and Methods
Animals. Four groups of male mice of the C57BL/DBA strain were used (n ϭ 46), divided between transplanted or nontransplanted mice with two different phenotypes within two groups: wild-type (WT) and PCD. Transgenic green fluorescent protein (GFP) (Hadjantonakis et al., 1998) Isolation and transplantation of bone marrow stem cells. Donors (4-to 8-weeks-old) were killed by cervical dislocation, and the femurs and tibias were dissected. Bone marrow stem cells isolation was performed as previously described Recio et al., 2011) . Briefly, bone marrow was extracted from both epiphyses of the bone, then filtered and centrifuged (1500 rpm, 5 min). After erythrocyte lysis (140 mM NH 4 Cl, 17 mM Tris-base, pH 7.4), the cell suspension were resuspended in 0.1 M PBS, pH 7.4. The bone marrow of the recipients was ablated at P19 with a gamma irradiation device (model Gammacell 1000 Elite; MDS Nordion; radiation rate, 243 cGy/min) with a 137 Cs source, and the mice were housed separately in an insulated rack specific for immunodepressed animals for 2 weeks. Cells (7.5 ϫ 10 6 ) were transplanted in each animal through an injection in the tail vein at P20. Some irradiated mice were not subjected to the transplantation process to check the efficacy of the bone marrow ablation (n ϭ 6). To check for the correct assimilation of the transplant, blood samples were collected 14, 28, 42, and 130 d posttransplantation. After erythrocyte lysis (0.83% w/v NH 4 Cl, 0.1% w/v KHCO 3 , 0.372% w/v EDTA, pH 7.3), the cell suspension was resuspended in PBS. Then, the percentage of GFP-positive cells was measured by flow cytometry (FACSCalibur; Becton Dickinson) as previously described Recio et al., 2011) .
Olfactometry. Mice were trained in custom-built computer-controlled eight-channel air-dilution olfactometers (www.olfacto-meter.com) (Lazarini et al., 2009) . Briefly, solenoid pinch valves controlled purified air streams, passing over the surface of mineral oil-diluted odorants. This odorized air was diluted 1:40 in odor-free air before its introduction into an odor sampling tube in the mouse operant chamber. The odorants used were (ϩ)-carvone and (Ϫ)-carvone (99%; Sigma Aldrich). Partially water-deprived mice (80 -85% of their baseline body weight) were trained using an operant conditioning go/no-go paradigm. Standard operant conditioning methods were used to train mice to insert their snouts into the odor sampling port for at least 1.2 s and to respond by licking the water delivery tube (within the same port) to get a water reward (3 l) in the presence of a positive odor stimuli, (ϩ)-carvone (reinforced stimulus: Sϩ), and to refrain from licking and retract their head from the sampling port in the presence of a negative odor stimulus (unreinforced stimulus: SϪ; see Fig. 2 A) . In each trial, a single stimulus was presented and Sϩ and SϪ trials were presented in a modified random order. The percentage of appropriate responses was determined for each block of 20 trials. A score of Ն85% implied that mice had correctly learned to assign reward/nonreward values. Each mouse underwent a session of 10 blocks (200 trials) per day. Mice were first trained with (ϩ)-carvone versus mineral oil, reaching a plateau of performance after 30 blocks. Decreasing concentrations of odorant were used to determine their odor detection threshold: [ ]. After discrimination of the pure odorant molecules (100:100), we tested odor discrimination threshold by gradually presenting binary odor mixtures of those carvone enantiomers: 80:20 (80% (ϩ)-carvone/20% (Ϫ)-carvone for Sϩ, and 80% (Ϫ)-carvone/20% (ϩ)-carvone the SϪ), 68:32, and 56:44. The reaction time between odor arrival and head retraction was also measured at [10 Ϫ1 ]. Immunohistochemistry. Anesthetized animals were perfused intracardially with a 0.9% NaCl, followed by 5 ml/g 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were dissected and postfixed for 2 h. After cryoprotection, 40-m-thick slices were cut with a freezing-sliding microtome (Leica). Free-floating sections were labeled with the following primary antibodies: goat anti-GFP (1:2000; Abcam) to detect GFPϩ transplanted BMDCs, mouse anti-reelin (1:1000; Millipore Bioscience Research Reagents) to detect MCs, rabbit anti-Ki67 (1:500; Abcam) to detect proliferating cells in neurogenic zones, goat anti-olfactory marker protein (OMP) (1:10,000; Wako), rabbit anti-GAP43 (1:500; Milipore) to analyze the olfactory glomerular innervation, and rabbit anti-Iba1 (1:1000; Wako) to detect microglia. Appropriate secondary antibodies conjugated to Cy2, Cy3, or Cy5 (1:500; Jackson) were used to reveal the primary antibodies. Sections were counterstained with DAPI or propidium iodide, mounted and observed using DP70 digital camera attached to a Provis AX70 microscope (both from Olympus). One-in-six series of OB, rostral migratory stream (RMS; bregma: 2.5 mm), and subventricular zone (SVZ; bregma: 1 mm) coronal sections were used for quantification (6 sections per brain) using the Neurolucida software (MicroBrightField).
Statistical analysis. All data are shown as mean Ϯ SEM. Repeatedmeasures ANOVA (rm-ANOVA) over session, two-way ANOVA, and post hoc tests were used to analyze behavioral data and the evolution of GFP cell density with genotype (WT vs PCD), grafting (grafted vs nongrafted), or age as factors. Student's t test was then used to analyze possible differences in MC density and in behavioral performances between transplanted and nontransplanted PCD mice.
Results

Transplantation and integration of BMDCs into the OB circuit
Irradiation is one of the most widespread methodologies to perform efficient bone marrow cell transplantation (Á lvarez-Dolado et al., 2003; Massengale et al., 2005) . In this study, PCD mice (P19) were exposed to an irradiation of 7.5 Gy as a lethal dose Recio et al., 2011) . Following irradiation and bone marrow cell transplantation (P20) from GFP donors, only the immunologically reconstituted mice survived (n ϭ 20); all nontransplanted irradiated mice died 7-10 d after irradiation (n ϭ 6). In addition, analysis of peripheral blood demonstrated a continuous increase in the percentage of GFPϩ donor-derived blood cells after transplantation, reaching a steady proportion of ϳ73% of GFPϩ cells 130 d posttransplantation (73.9 Ϯ 2.6% of GFPϩ cells in WT; 72.7 Ϯ 3.1% in PCD, t test, t 12 ϭ 0.23, p ϭ 0.81). The accumulation of GFPϩ cells between P34 and P150 was similar in both PCD and control mice (Genotype ϫ Age ANOVA, F (1,3) ϭ 50.2, p ϭ 0.59), thus demonstrating that the pcd mutation did not affect the progressive incorporation of BMDCs. Collectively, these data suggest that reconstitution of the ablated bone marrow by the transplanted cells, and the efficacy of our transplantation procedure, were not altered in PCD mice.
Morphological and neurochemical analysis of OB sections from transplanted animals revealed that nearly all GFPϩ BMDCs, both from P150 control and PCD mice, were Iba1ϩ microglial cells (Fig. 1 A-C) . They represented at least ϳ11.5% of the endogenous microglial cell population and display similar density in transplanted WT and PCD mice, as previously reported (Massengale et al., 2005; Recio et al., 2011) . Quantitative analysis of immunostaining for reelin (Fig. 1 D, E) revealed the progressive disappearance of MCs between P60 and P150 in PCD mice (Greer and Shepherd, 1982; Greer and Halász, 1987; Bar-tolomei and Greer, 1998; Recio et al., 2007) . Remarkably, grafted PCD mice had more MCs (grafting effect, F (1,11) ϭ 34.4, p Ͻ 0.05; Fig. 1 F) . Counting at early stages revealed a slow effect of the transplant at P60 (ϩ17.2% in grafted compared with control mice, p Ͼ 0.05) and at P110 (ϩ100.9%, p Ͼ 0.05), which became statistically significant at P150 (ϩ236.4%, t 5 ϭ 4.64, p Ͻ 0.05). In other words, BMDC transplantation elicited a significant survival of 44.2% of MCs in PCD mice at P150, whereas the MC density was unaffected in WT (grafted WT, 35.8 Ϯ 2.20 MCs/mm; normal WT, 36.25 Ϯ 2.56 MCs/mm; n ϭ 4 for each group; t 5 ϭ 0.175, p Ͼ 0.1). However, double staining for reelin and GFP failed to detect bone marrow-derived MCs (Fig. 1G-I ) , suggesting that the difference in cell density did not result from direct transdifferentiation of the BMDC into MCs. Although some studies have reported the transdifferentiation of BMDCs into both local interneurons and olfactory sensory neurons (OSN) in a very limited number (Tsujigiwa et al., 2005; Recio et al., 2011), we could not detect GFPϩ interneurons or GFPϩ axon terminals from OSN in the transplanted mice (n ϭ 20), ruling out any direct neurogenic effect on OB interneurons and OSNs. In addition, analysis of the glomerular innervation from OSN using OMP and GAP43 immunostaining confirmed that the olfactory epithelium was normal and correctly innervated the OB after irradiation and transplantation, as previously reported (data not shown) (Tsujigiwa et al., 2005; Recio et al., 2011) . To evaluate whether other brain regions could benefit from the transplantation, we also examined two adult neurogenic zones, the SVZ and RMS. Despite a strong reduction in Ki67ϩ proliferating cells in both SVZ and RMS due to irradiation, the grafting did not rescue the production of adult-born neurons in P150 transplanted PCD animals compared with WT (grafted WT vs grafted PCD in SVZ and RMS, t test, p Ͼ 0.13; Fig. 1 J-L) . In the cerebellum, Purkinje cell degeneration, which occurs between P15 and P30 (Wang and Morgan, 2007) , remained unchanged after bone marrow trans- plantation at P20 (data not shown). All together, our data suggest that bonemarrow transplantation in P20 mice had two major effects: the engraftment of microglial BMDCs in the OB and the partial rescue of MC degeneration in the PCD mice.
Olfactory improvement following cell transplantation in the PCD mutant mouse
Because the survival effect on MCs was stronger at P150, we chose this time point to explore a potential benefit for olfactory behavior. Using a behavioral test compatible with the ataxia of mutant mice ( Fig. 2A) , we investigated the olfactory deficits of PCD mice and evaluated whether MC survival lead to an olfactory improvement in these mice. Animals were first trained to associate the odor (ϩ)-carvone with a reward (Sϩ) and to retract their head for the odorless mineral oil (SϪ). To establish a detection threshold, animals were exposed to (ϩ)-carvone over a range of concentrations. When starting at an odor concentration of 10 Ϫ1 , all mice reached the 85% performance criterion, demonstrating their normal capacity to detect high concentration odorants (Genotype ϫ Grafting, F (1,1) ϭ 3.59, p ϭ 0.069), although nongrafted PCD mice exhibited lower performance than nongrafted control (Fig. 2 B) . At 10 Ϫ2 , PCD mice had significantly lower accuracy compared with controls but, remarkably, grafted PCD mice exhibited a better detection threshold (Genotype ϫ Grafting, F (1,1) ϭ 10.63, p ϭ 0.003). At 10 Ϫ3 and 10 Ϫ4 , all PCD mice had poor odor detection performances that approached chance level. Finally, at the most diluted concentration (10 Ϫ5 ), no differences among the four experimental groups were found.
Next, we investigated the capacity of mice to discriminate between monomolecular enantiomers, (ϩ)-carvone versus (Ϫ)-carvone. When starting from pure molecules (100% each) at a dilution of 10 Ϫ1 (defined as an easy task), all mice reached the performance criterion of 85% of correct choices, although nongrafted PCD mice showed significantly lower accuracy compared with nongrafted controls (Genotype ϫ Grafting, F (1,1) ϭ 9.60, p ϭ 0.004; Fig. 2C ). When the task was made more complex using binary mixtures (80/20%, 68/32%, and 56/44%), the performance of PCD mice strongly declined and reached almost chance levels during the most difficult task (i.e., 56/44%). Grafted PCD mice showed better performance compared with nongrafted animals when exposed to a 68/32% binary mixture (Genotype ϫ Grafting, F (1,1) ϭ 6.45, p ϭ 0.017; Fig. 2C ). From these experiments, we conclude that PCD mice had poor odor detection and limited discrimination that could be partially restored by BMDC transplantation.
The intrinsic cerebellar ataxia of PCD mice could affect the execution of behavioral tests, thus interfering with the olfactory performance of the animals. For this purpose, we measured the reaction time in the motor execution of the head retraction (Fig.   2 A) , as a proxy for the motor capacity required to perform our olfactory tests. The reaction time was measured when delivering odorants at 10 Ϫ1 because all mice detected this concentration with equal success. No significant differences were found between all groups (Genotype effect, ANOVA, F (1,28) ϭ 0.48, p ϭ 0.49; 867 Ϯ 69 ms for PCD and 706 Ϯ 66 ms for WT, p ϭ 0.13 with t test), suggesting that in our conditions ataxia had no influence on the motor execution required to perform the olfactory task. Finally, we verified that the progression of performance during the initial training, i.e., the learning rate, was comparable between PCD and control mice (Genotype effect, F (1,28) ϭ 0.50, p ϭ 0.48 with rm-ANOVA over session), ruling out any potential side effects of the mutation on learning.
Discussion
We have characterized the effects of transplantation and integration of wild-type BMDCs into the OB of PCD mutant mice, which show a selective degeneration of MCs between P60 and P150. Following the transplantation starting at P20, BMDCs reached the OB generating microglial cells. Despite the total absence of newly produced MCs or other neuronal cells from BDMCs, the transplantation rescued 44.2% of MCs from the degeneration in P150 PCD mice. Characterization of the olfactory performances of these animals demonstrate that: (1) bone Figure 2 . Olfactory performance improvement in PCD mice after BMDC transplantation. A, Schematic drawing of the go/no-go procedure. A trial is initiated when the animal breaks the infrared (IR) beam by entering his snout into the sampling port (1). After 1 s, the odor stimulus is presented to the odor sampling port (2). For Sϩ odor, animals get a water reward if they lick the water tube during the 2 s of odor presentation (3). For SϪ odor, the animal learns to retract his head from the sampling port (3Ј). B, C, Mean percentage of correct responses for decreasing odor concentrations of (ϩ)-carvone (B) and increasing binary mixtures of (ϩ)-carvone and (Ϫ)-carvone (C). Wild-type (white squares, n ϭ 8), PCD mutant (hatched white circles, n ϭ 7), grafted PCD mutant (hatched green circles, n ϭ 6), and grafted wild-type (green squares, n ϭ 12). Student's t test, **p Ͻ 0.01; # p Ͻ 0.05.
marrow ablation and transplantation does not impair olfactory detection and discrimination in WT, (2) MCs are necessary to perform fine but not coarse odor detection and discrimination, and (3) a partial rescue of MC loss is sufficient to improve both odor detection and discrimination. Microglial cells were the unique BMDC type detected in the OB of PCD mice. The absence of GFPϩ MCs or other neuronal cells in the OB suggests that wild-type microglial BMDCs may constitute a local source of neuroprotective factors capable of slowing the degenerative process (Derecki et al., 2012) , although we cannot discard other effects mediated by blood-circulating factors. Transplanted animals display a significant increased survival of MCs, but we cannot exclude any indirect consequences on other bulbar neuronal populations that could indirectly benefit from the transplantation. Previous studies have demonstrated that bone marrow-derived microglial cells can release neuroprotective substances (Rodríguez et al., 2007; Uccelli et al., 2011) and that healthy transplanted bone marrow can release chemokines and cytokines known to decrease cell apoptosis, suppress immune reactions, and increase angiogenesis, and thus promote neuronal survival (Chen et al., 2003; Chopp et al., 2008) . Moreover, it has been reported that microglial BMDCs increase the survival of degenerating neurons at least in other models of brain diseases without any cell replacement (Corti et al., 2004; Derecki et al., 2012) . By demonstrating that bone marrow transplantation efficiently provides neuroprotection to degenerative circuits, this study brings new insights into the development of new cell-based therapeutic strategies to promote survival of neuronal cells. Further studies will be necessary to identify the cellular origin and the pharmacological basis of the neuroprotective effects achieved by BMDC transplantation.
Our behavioral experiments demonstrate that both odorant detection and discrimination are severely impaired in mice lacking MCs but not tufted cells. Although our transplantation process strongly reduces the production of adult-born neurons, previous experiments have shown that ablation of adult neurogenesis using irradiation do not impair fine odor discrimination and detection (Lazarini et al., 2009) . MC degeneration takes place during adulthood in PCD mice (Greer and Shepherd, 1982; Greer and Halász, 1987; Bartolomei and Greer, 1998) , limiting possible compensatory mechanisms of this model in comparison with traditional transgenic animals. Because of their differential morphology, axonal projections to the olfactory cortex, and odor responses, MCs and tufted cells are thought to support different channels of olfactory information (Mori and Sakano, 2011) . With a low spike threshold and a large tuning range in respect to odor concentration, tufted cells could be involved in odor intensity coding. With their extended lateral dendrites, MCs show a larger tuning range of lateral inhibition and processed dynamic activity patterns that may be relevant for input comparison and odor discrimination (Nagayama et al., 2004; Griff et al., 2008; Mori and Sakano, 2011) . Since tufted cells remain intact in PCD mice (Greer and Shepherd, 1982; Recio et al., 2007) , the severe impairment in both detection and discrimination suggest that odor intensity and identity are not conveyed by distinct output neuron categories but rather embedded in MC and tufted cell activity patterns. Moreover, we show that a specific increase in the number of MCs was able to rescue both odor detection and odor discrimination, confirming that olfactory information encoded in MC activity patterns may encompass both odor intensity and odor identity. This conclusion is supported by recent analysis of MC ensemble activity in mice showing that population trajectories can robustly encode both odor intensity and identity (Bathellier et al., 2008 ; for descriptions in locust, see Stopfer et al., 2003) . Our work is one of the first behavioral studies to parse how the mysterious duet between mitral and tufted cells encodes the olfactory world.
